The type VI secretion system (T6SS) is the most recently described and least understood of the protein secretion systems of Gram-negative bacteria. It is widely distributed and has been implicated in the virulence of various pathogens, but its mechanism and exact mode of action remain to be defined. Additionally there have been several very recent reports that some T6SSs can target bacteria rather than eukaryotic cells. Serratia marcescens is an opportunistic enteric pathogen, a class of bacteria responsible for a significant proportion of hospital-acquired infections. We describe the identification of a functional T6SS in S. marcescens strain Db10, the first report of type VI secretion by an opportunist enteric bacterium. The T6SS of S. marcescens Db10 is active, with secretion of Hcp to the culture medium readily detected, and is expressed constitutively under normal growth conditions from a large transcriptional unit. Expression of the T6SS genes did not appear to be dependent on the integrity of the T6SS. The S. marcescens Db10 T6SS is not required for virulence in three nonmammalian virulence models. It does, however, exhibit dramatic antibacterial killing activity against several other bacterial species and is required for S. marcescens to persist in a mixed culture with another opportunist pathogen, Enterobacter cloacae. Importantly, this antibacterial killing activity is highly strain specific, with the S. marcescens Db10 T6SS being highly effective against another strain of S. marcescens with a very similar and active T6SS. We conclude that type VI secretion plays a crucial role in the competitiveness, and thus indirectly the virulence, of S. marcescens and other opportunistic bacterial pathogens.
Protein secretion by Gram-negative bacteria is the controlled transport of selected proteins across the cell envelope to the exterior of the bacterial cell. It is performed by six types of specialized proteinaceous machines called type I to type VI secretion systems (21) . Secreted proteins may be associated with the outside of the cell, released to the extracellular milieu, or, in some cases, injected directly into a target eukaryotic cell. Protein secretion systems are critical to the virulence and hostinteraction processes of Gram-negative pathogens, secreting proteins such as toxins, adhesins, hydrolytic enzymes, and effector proteins which manipulate eukaryotic signaling pathways (17) .
The type VI secretion system (T6SS) is the most recently identified of the Gram-negative secretion systems and, so far, the least understood. Mechanistic and functional studies of the T6SS are in their infancy, although the field is expanding and information is beginning to accumulate (9, 15, 37) . T6SSs are encoded on large, variable gene clusters which are characterized by the presence of genes encoding 13 highly conserved "core" components, believed to form the basic secretion apparatus, and also contain other "accessory components" conserved across many, or only a few, systems (6) . The 13 core components have all been shown to be essential for secretion in at least one organism and were recently designated TssA to TssM in an attempt to unify the nomenclature (40) . However, the common names of previously characterized components will be used herein (both are given in Fig. 1 ). It has been reported that 20 to 25% of bacteria with sequenced genomes possess T6SSs, with some organisms having more than one system (3, 6) .
Two proteins are characteristically secreted to the extracellular medium by the T6SS: Hcp and VgrG homologues. However, since both proteins are also required for the system to function, it is believed that once secreted they assemble to form the extracellular part of the secretion apparatus (37) . Structural data are available for both proteins, suggesting that they may form a cell-puncturing device similar to that of bacteriophage tail structures (5, 29, 37) . VgrG shows structural homology with the tail spike proteins gp27-gp5 and may form a trimeric "needle" at the distal end of a tail tube-like structure formed by the polymerization of hexameric rings of Hcp. Whether the VgrG needle is used to puncture out through the membranes of the secreting cell (like an inverted tail spike) and/or to puncture into a target cell remains unknown. Overall, current evidence indicates that T6SSs are large multiprotein complexes incorporating cytoplasmic proteins (including the AAA ϩ ATPase ClpV), inner membrane proteins (including IcmFH), and a periplasmic-facing outer membrane lipoprotein (Lip), in addition to the putative extracellular Hcp/VgrG structure (9, 15) .
Crucially, T6SSs are found in many Gram-negative bacterial pathogens and have been implicated in virulence in important human pathogens, including Burkholderia mallei and B. pseudomallei, Vibrio cholerae, Aeromonas hydrophila, and Pseudomonas aeruginosa (3, 7, 9, 25) . T6SSs have also been shown to play a role in the virulence of economically significant animal and plant pathogens, e.g., Edwardsiella tarda, Salmonella enterica serovar Gallinarum, avian pathogenic Escherichia coli, and Erwinia carotovora (4, 14, 30, 41) . However, the precise contribution(s) of type VI secretion to the virulence process remains to be elucidated. Very recent findings reveal that some T6SSs are used to target other bacteria, efficiently killing or inhibiting competitors, reported for T6SSs of P. aeruginosa (HSI-1), B. thailandensis (T6SS-1), and V. cholerae (22, 32, 39) . The mechanism of this killing is unknown. The discovery that certain T6SSs may be "antibacterial" rather than, or in addition to, "antieukaryotic" is highly relevant to the ability of pathogens to mount successful infections, particularly in polymicrobial infection sites, since such a system would be expected to provide a large competitive advantage against other bacteria in the host or the environment.
Proteins secreted by the T6SS are of great interest since they are expected to be the "effectors" which directly act on target eukaryotic or bacterial cells. A special case are the "evolved" VgrG proteins found in a minority of T6SSs which have extra C-terminal effector domains. For example, VgrG1 from V. cholerae has a C-terminal Rtx domain which is translocated into mammalian cells, where it cross-links host actin (25, 36) . However, excluding the structural components VgrG and Hcp, only a few T6SS-secreted proteins have been identified so far, most notably EvpP of Edwardsiella tarda (41) and Tse1 to Tse3, secreted by the HSI-1 T6SS of P. aeruginosa (22) . The HSI-1 T6SS exhibits antibacterial killing activity, and Tse2 was shown to be a toxin required for this activity, with the producing organism being protected by a cognate immunity protein, Tsi2 (22) . The expression of T6SSs in different organisms is tightly regulated by diverse regulatory mechanisms, generally occurring in response to host environment-derived or -mimicking stimuli. For example, expression of the HSI-1 T6SS of P. aeruginosa is regulated by the RetS/LadS-Gac/Rsm regulatory pathway and the LasIR quorum sensing system, expression of the B. mallei virulence-associated T6SS-1 is under the control of the VirAG two-component system, and expression of the T6SS of S. enterica serovar Typhimurium is induced on macrophage infection (2) .
Opportunistic Gram-negative bacteria cause a large proportion
Identification of a functional type VI secretion system in S. marcescens Db10. (A) Schematic representation of the T6SS gene cluster of S. marcescens Db10 (top). The HSI-1 system of P. aeruginosa is shown for comparison (middle). Components conserved across many T6SSs are colored as indicated in the key (bottom); the 13 highly conserved core components are indicated by letter (according to the Tss nomenclature [40] ). Genes found in a small number of other T6SSs are shown in gray. Serratia marcescens genomic sequence data were obtained from the Sanger Institute (www.sanger.ac.uk). (B) Total secreted protein from wild type (WT) or T6SS mutants of S. marcescens Db10 was isolated from cultures grown to stationary phase in LB (left) or minimal medium (right) and separated by SDS-PAGE. The band present only in the wild type and identified as Hcp (SMA2263) by mass spectrometry is indicated by a black arrow.
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of problematic and antibiotic-resistant hospital-acquired infections. Enterobacteria (especially extended-spectrum ␤-lactamaseproducing isolates) represent an important contribution to this problem, in particular Klebsiella spp., Serratia marcescens, Enterobacter spp., and extraintestinal pathogenic Escherichia coli (10, 27, 31, 34) . However, to date, the role and importance of type VI secretion in such opportunistic enteric pathogens have not been reported. Serratia marcescens is found in many environmental niches but represents a significant cause of hospitalacquired infections and an important reservoir of antibiotic resistance determinants in the clinical environment (19) . In this study, we have identified a new T6SS in the opportunistic pathogen S. marcescens and have demonstrated that it is functional and constitutively expressed and efficiently kills other bacteria in a highly specific manner. Our findings point to an important role for T6SSs in the competitiveness and success of such pathogens.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. Bacterial strains and plasmids used in this study are detailed in Table 1 . S. marcescens was routinely grown with good aeration in LB medium (10 g/liter tryptone, 5 g/liter yeast extract, 5 g/liter NaCl) at 30°C or 37°C. (Both temperatures are commonly used for S. marcescens; hence, both were used in the study and found to promote very similar patterns of T6SS activity and gene expression. Representative data from experiments with both are presented.) Minimal medium contained 40 mM K 2 HPO 4 , 15 mM KH 2 PO 4 , 0.1% (NH 4 ) 2 SO 4 , 0.4 mM MgSO 4 , and 0.2% glucose. E. coli was grown at 37°C, Enterobacter cloacae at 30°C, and P. fluorescens at 30°C. When required, media were supplemented with antibiotics: ampicillin (Ap), 100 g/ml; kanamycin (Kn), 50 g/ml (E. coli) or 100 g/ml (S. marcescens); streptomycin (Sm), 100 g/ml; and tetracycline (Tc), 10 g/ml.
Identification of the T6SS gene cluster in S. marcescens Db11. The S. marcescens Db11 genome sequencing project was performed by the Pathogen Sequencing Unit, Sanger Institute, United Kingdom. Genes encoding conserved T6SS components were identified in the S. marcescens genome by BLASTP analysis (1) of the genome using the publicly available server at http://www .sanger.ac.uk/resources/downloads/bacteria/serratia-marcescens.html and sequences of conserved T6SS proteins from other well-characterized systems as bait. The genes within the S. marcescens T6SS gene cluster were then further analyzed using standard bioinformatics tools, including BLASTP, and the general databases (www.ncbi.nlm.nih.gov). The complete S. marcescens Db11 genome sequence and preliminary gene prediction were obtained from the Sanger Institute (http://www.sanger.ac.uk/resources/downloads/bacteria/serratia -marcescens.html), and the genomic locations of the SMA2244-2281 CDSs are given in Table S2 in the supplemental material.
Construction of strains and plasmids. S. marcescens chromosomal mutants with in-frame deletions in selected genes were constructed by marker (allelic) exchange using the suicide vector pKNG101 (26) as described previously (11) . Briefly, the upstream and downstream flanking regions of the target gene were cloned into pBluescript to generate a nonpolar, in-frame deletion of the gene. This deletion allele was then cloned into pKNG101, and the resulting marker exchange plasmid was introduced into S. marcescens by conjugation. Selection on streptomycin and then high sucrose allowed isolation of mutants in which the deletion allele had replaced the wild-type copy. To construct the chromosomal lacZ transcriptional reporter fusions, E. coli lacZ was cloned with a ribosome binding site into pBluescript by a combination of PCR and restriction digestion. This lacZ gene was then introduced between SMA2274 (clpV) flanking regions to generate ⌬clpV::lacZ (for strain SLM9) or inserted between regions corresponding to the 3Ј end of SMA2274 and downstream of SMA2274 to generate a nondisruptional SMA2274-lacZ-2275 allele (for strain SLM8). Both fusions were then cloned into pKNG101 for introduction into the chromosome as above. The primers used to amplify and clone the appropriate regions are detailed elsewhere (see Table S1 in the supplemental material), and the relevant plasmids are given in Table 1 . The integrity of mutants was confirmed by PCR and sequencing (data not shown). For construction of complementing plasmids, clpV, lip, and tssE were amplified using the primers detailed in Table S1 and cloned into pSUPROM (24) . S. marcescens was transformed by electroporation (12) .
Streptomycin-resistant mutants of S. marcescens ATCC 274 and P. fluorescens 55 were generated by mutagenesis with miniTn5Sp/Sm: namely a biparental mating with S17-1pir (pUT-miniTn5 Sp/Sm) followed by selection on minimal medium containing Sm. A kanamycin-resistant mutant of P. fluorescens 55 was generated similarly using S17-1pir (pUT-miniTn5Kan). Oligonucleotide primers were obtained from Sigma-Genosys, and reagents for molecular biology were obtained from leading suppliers (NEB, Roche, Invitrogen). Molecular biological techniques were performed according to standard procedures (38) and manufacturers' instructions.
Detection of Hcp in secreted and other fractions. To first identify Hcp from total secreted protein, S. marcescens was grown to stationary phase in LB (16 h) or minimal medium (20 h) at 30°C. Secreted proteins were precipitated from 5 or 15 ml of culture supernatant by the addition of an equal volume of 1:1 chloroform-methanol, washed with 1 ml methanol, air dried, resuspended in 100 l 2ϫ gel sample buffer, and boiled for 10 min. The 2ϫ gel sample buffer contained 100 mM Tris-HCl, pH 6.8, 3.2% SDS, 3.2 mM EDTA, 16% glycerol, 0.2 mg/ml bromophenol blue, and 2.5% ␤-mercaptoethanol. Secreted proteins were separated by 15% SDS-PAGE and visualized by staining with Coomassie blue. The 16-kDa band visible in the secreted proteins of the wild-type cells but not the T6SS mutants was excised and subjected to in-gel trypsin digestion followed by ESI-MSMS identification (Fingerprints Proteomics Facility, University of Dundee) as SMA2263 (Hcp).
SMA2263 was overexpressed in E. coli from plasmid pET-2263N as an N-terminal hexahistidine-tagged protein. Following standard nickel affinity purification procedures, including cleavage of the His tag, the purified protein was used to raise rabbit polyclonal antisera (Eurogentec, Belgium).
Anti-Hcp immunoblotting to detect Hcp in cellular and secreted (supernatant) fractions was performed as follows: 25-ml cultures were grown for 8 h in LB medium, normally at 30°C. To prepare cellular samples, cells from 0.1 ml culture were isolated by centrifugation, resuspended in 0.2 ml 2ϫ gel sample buffer (as above), and boiled for 10 min. To prepare secreted protein samples, cell-free supernatant was recovered by centrifugation and 0.1 ml supernatant was mixed with 0.1 ml 2ϫ gel sample buffer. Then, 6-l portions of these cellular and secreted protein samples were separated by 15% SDS-PAGE and electroblotted onto polyvinylidene difluoride (PVDF) (Millipore). Hcp was detected by hybridization of the primary antibody, polyclonal rabbit anti-Hcp (1:6,000), followed by the secondary antibody, horseradish peroxidase (HRP)-conjugated goat antirabbit antibody (Thermo; 1:10,000), and then the use of an enhanced chemiluminescent detection kit (Millipore).
To monitor Hcp levels throughout growth (see Fig. 7D ), cultures were grown at 37°C in LB. Each hour, samples were removed and used to measure optical density at 600 nm (OD 600 ) and to prepare cellular and secreted samples as described above for anti-Hcp immunoblotting. The amount loaded on the SDS-PAGE gel was normalized for OD 600 (such that 6 l was loaded for samples prepared as described above from a culture harvested at an OD 600 of 5.0).
Eukaryotic virulence assays. Caenorhabditis elegans killing assay was adapted from reference 28. Forty 60-mm NGM plates were inoculated with 10 l of an overnight culture of wild-type or T6SS-deficient S. marcescens Db10 and incubated at 30°C for 16 h. Plates inoculated with E. coli OP50 were also included as a negative control. After cooling to room temperature, each plate was seeded with two L4-stage hermaphrodite N2 worms. Plates were then incubated at 20°C or 25°C and scored every 24 h for live worms. Live worms were transferred to fresh plates each day for the first 5 days and every second day thereafter. A worm was considered dead when it no longer responded to touch. Survival curves were analyzed using the GraphPad Prism software. (The small number of worms which died as a result of becoming stuck to the wall of the plate were considered to have "left the trial" in this statistical analysis.)
Galleria mellonella killing assay. To determine the 80% lethal dose (LD 80 ) of S. marcescens Db10 strains, overnight cultures were used to prepare a 10-fold dilution series in 1ϫ phosphate-buffered saline (PBS). Larvae were removed from storage at 4°C and allowed to warm to room temperature. Prior to inoculation, larvae were briefly placed on ice; then a Hamilton syringe was used to inject larvae with 10 l of each dilution via the hind left proleg (n ϭ 10 larvae per dilution). Ten control larvae were injected with PBS only. Following injection, larvae were incubated in the dark at 25°C. After 24 h, larvae were scored as dead or alive, with larvae considered dead if they did not respond to touch. The lowest inoculation of cells required to result in the death of 80% of larvae was considered the LD 80 value.
Dictyostelium discoideum plaque-forming assay. Following growth on a lawn of Klebsiella aerogenes, D. discoideum KAX2 cells (AX2 sourced from Rob Kay, MRC-LMB, Cambridge, United Kingdom) were harvested from the feeding zone, resuspended in KK2 buffer (20 mM potassium phosphate, pH 6.2), and diluted to approximately 2 ϫ 10out on SM medium (10 g/liter glucose, 10 g/liter peptone, 5 g/liter yeast extract, 1 g/liter MgSO 4, 1.9 g/liter KH 2 PO 4 , 1 g/liter K 2 HPO 4 , 15 g/liter agar). The appearance of cleared plaques generated by growing D. discoideum colonies feeding on the bacterial lawn was scored.
Antibacterial competition assay. Bacterial cells grown overnight on an agar plate were resuspended in LB, normalized to an OD 600 of 0.5, and mixed at a ratio of 5:1, S. marcescens Db10-target bacteria, unless stated otherwise. Then, 25 l of this mixture was spotted onto a prewarmed agar plate and incubated for 4 h at the stated temperature. (The "No Sma" control mixture contained a 5:1 ratio of sterile LB to target.) Cells were recovered from the spot using a sterile loop and resuspended in 1 ml LB, and serial dilutions were plated out on antibiotic selection: Sm for MC4100, SJC17, Enterobacter cloacae, and KT02; Tc for S. marcescens Db10. The recovery of viable cells is reported as the total number recovered per coculture spot. The calculated target inoculum (i.e., number of cells spotted onto the coculture plate at t ϭ 0 h) is ϳ2.1 ϫ 10 6 ; this value was confirmed experimentally by serial dilution in the "inoculum" columns. For plasmid complementation experiments, MC4100 pSUPROM or P. fluorescens KT03 (Kn r ) was used as the target strain.
PCR and reverse transcriptase PCR (RT-PCR) analyses.
For the identification of Db10-like T6SS genes in S. marcescens ATCC 274, oligonucleotide primers designed to the Db10 genomic sequence were used in standard PCRs with S. marcescens ATCC 274 genomic DNA. PCR parameters were as follows: annealing temperature, 52 to 54°C, extension time, 2 min; cycles, 30; polymerase, Taq (Roche). Primer sequences are given in Table S1 in the supplemental material. For RT-PCR analysis, total RNA was extracted from an S. marcescens Db10 culture in midlogarithmic growth using RNAprotect bacterial reagent and the RNeasy minikit (Qiagen) according to the manufacturer's instructions. Genomic DNA contamination was eliminated by on-column DNase digestion (Qiagen). cDNA was synthesized from 200 ng RNA using SuperScript II reverse transcriptase (Invitrogen) with random hexamer primers and incubation at 42°C for 50 min. A negative-control reaction was also performed, omitting the reverse transcriptase. Residual RNA template was then removed by digestion with RNase H (NEB) at 37°C for 20 min. Then, 80 l of RNase-free water was added to the cDNA reaction to give a final total volume of 100 l. PCR analysis of cDNA was performed using primers to amplify across the junctions between nonoverlapping adjacent genes in the T6SS gene cluster. Positive-and negative-control PCRs were performed using genomic DNA and no-RT cDNA samples, respectively, as templates. PCR conditions consisted of 30 cycles of denaturation for 1 min at 94°C, annealing for 45 s at 58°C, and extension for 2 min at 72°C. PCR products were separated by agarose gel electrophoresis and visualized by GelRed (Biotium) staining.
Measurement of ␤-galactosidase activity from LacZ transcriptional reporter fusions. For measurement of ␤-galactosidase activity, cells were permeabilized with toluene and added to Z buffer in a total volume of 180 l. The reaction was started by the addition of 30 l of 4 mg/ml o-nitrophenyl ␤-galactoside and the rate of increase of A 405 (⌬A 405 /min) at 37°C measured immediately in an ELx808 absorbance microplate reader (BioTek). Z buffer contained 8.52 g Na 2 HPO 4 , 6.24 g NaH 2 PO 4 ⅐ 2H 2 O, 0.75 g KCl, 0.25 g MgSO 4 ⅐ 7H 2 O, and 0.7 ml ␤-mercaptoethanol per liter. ␤-Galactosidase activity is reported as ⌬A 405 /min/ml/ OD 600 . Unless stated otherwise, cultures were grown in liquid media with good aeration and samples were harvested at intervals for measurement of OD 600 and ␤-galactosidase activity. For the "liquid" versus "plate" comparison, a liquidgrown culture was normalized to an OD 600 of 0.5 in LB medium; 25-l spots of this were inoculated onto an LB plate (plate), and the remainder was grown under the standard liquid culture conditions above (liquid). Both were then grown for a further 4 h (when the liquid cultures had an OD 600 of ϳ4.5), 8 h, 16 h, and 24 h. Cells were recovered from the plate spots into 1 ml LB and samples from the liquid culture were harvested; ␤-galactosidase activity was then measured as described above. The results were unchanged when the original culture was plate grown rather than liquid grown.
RESULTS
Identification of a functional and active T6SS in S. marcescens Db10. Interrogation of the publicly available complete genome sequence of S. marcescens Db11 (Sanger Institute, United Kingdom) using core T6SS components of other bacteria revealed a cluster of genes apparently encoding a T6SS: SMA2243-SMA2281 (see Materials and Methods; see Table S2 in the supplemental material). Note that the sequenced strain, Db11, is an Sm-resistant derivative of the parental Db10 strain; the strains are otherwise identical and Db10 is used throughout this study. As shown in Fig. 1 , the cluster contains all 13 essential core conserved T6SS components, several widely conserved accessory components, and other genes present in very few or no other systems. It contains two VgrG homologues, which do not possess recognizable evolved C-terminal effector domains, and one Hcp homologue; there are also two other Hcp homologues located elsewhere in the genome. The S. marcescens Db10 T6SS is most closely related to T6SSs of family A (3), including the HSI-1 system of P. aeruginosa, in terms of composition, synteny, and homology of individual components (Fig. 1, data not shown) . For example, the Db10 T6SS shares multiple accessory proteins with P. aeruginosa HSI-1, including the posttranslational regulatory components Fha, PppA, and PpkA (35) . However, the predicted kinase in Db10 is much smaller and divergent after the predicted kinase domain compared with PpkA (data not shown), suggesting that the mechanism of regulation may be distinct.
In order to ascertain whether the S. marcescens Db10 T6SS
is functional and active, in-frame deletion mutants in the essential components ClpV (SMA2274), Lip (SMA2252), IcmH (SMA2254), and TssE (SMA2271) were constructed, in addition to a large deletion of the middle of the cluster, ⌬SMA2254-2274. Secreted proteins were prepared from the wild type and the T6SS in-frame deletion mutants and separated by SDS-PAGE. A 16-kDa band was clearly apparent among the secreted proteins of the wild type but not the T6SS mutants (Fig. 1B) ; this was identified by mass spectrometry as the Hcp protein encoded in the middle of the T6SS gene cluster, SMA2263. The T6SS-dependent presence of Hcp in the culture supernatant was readily observed in cultures grown in rich and minimal media to exponential and stationary phases (Fig. 1B and data not shown) . Secretion of Hcp to the medium is a generally accepted indicator of T6SS activity (37); hence, the Db10 T6SS appears to be functional and active under normal growth conditions. To more accurately assess the expression and secretion of Hcp, an antibody was raised and used to detect the levels of Hcp in the supernatant and total cellular fractions of wild-type Db10 and all the T6SS mutants ( Fig. 2A) . In the wild type, similar levels of Hcp were observed in the culture supernatant and within the cells. In the T6SS in-frame ⌬lip, ⌬clpV, ⌬tssE, and ⌬icmH mutants, Hcp was still present at high levels inside the cells but was not detectable in the supernatant fraction. Hence, there is no release of Hcp by cell lysis, but, rather, it is being actively secreted out of the cell in a manner dependent on a functional T6SS. ⌬tssE mutants could be fully complemented by the expression of the missing gene in trans, confirming the essential requirement of each of these components for a functional T6SS (Fig.  2B) . The reason why we were unable to complement the ⌬icmH mutant is unclear but may reflect translational coupling with IcmF (data not shown).
The biological role of the S. marcescens Db10 T6SS appears to be antibacterial rather than antieukaryotic. In order to determine the role of type VI secretion in the biology of S. marcescens, we assessed the phenotype of the T6SS mutants. Inactivation of the T6SS did not have any detectable impact on growth rate, motility, or biofilm formation (data not shown; see Fig. 8A ). The virulence of T6SS mutants was compared with that of wild-type Db10 in several eukaryotic virulence models. The nematode Caenorhabditis elegans has been utilized previously to identify virulence factors of S. marcescens (28) . Comparison of the survival of C. elegans infected with the wild type and T6SS mutants at 25°C and 20°C revealed that T6SS mutants killed C. elegans as efficiently as the wild type (Fig. 3A) . The Galleria mellonella (wax moth larva) virulence model (33) was also utilized, revealing that S. marcescens Db10 is highly virulent in this model. The LD 80 value for death within 24 h of injection at 25°C was 20 to 30 cells of wild-type Db10; similarly, the LD 80 value for the ⌬clpV T6SS mutant was also 20 to 30 cells (see Materials and Methods for assay details). Finally, the wild type and T6SS mutants of S. marcescens Db10 were tested for their ability to resist predation by the phagocytic amoeba Dictyostelium discoideum. Both the wild type and the T6SS mutants were found to be completely resistant to predation, behaving indistinguishably in this model (data not shown).
Given this lack of evidence of any role for the T6SS of S. marcescens Db10 in antieukaryotic virulence, coupled with emerging evidence of some relatedness between T6SSs and bacteriophages and several reports of antibacterial T6SS activity, we determined whether the S. marcescens Db10 has antibacterial activity. Our "competition assay" involves mixing S. marcescens and a target bacterium at a ratio of 5:1, coculturing them on the surface of an agar plate for 4 h, and then recovering the cells and enumerating the number of surviving target cells recovered. When E. coli MC4100 was cocultured with wild-type S. marcescens Db10, there was a 10 7 ϫ drop in the number of viable E. coli cells recovered compared with results for cultures with medium alone. However, when the coculture was with T6SS mutants of S. marcescens, the survival of E. coli was increased by 10 3 to 10 4 ϫ compared with that of wild-type S. marcescens (Fig. 3B) . A similar result was observed when S. marcescens and E. coli MC4100 were cocultured at an initial ratio of 1:1 (see Fig. S1 in the supplemental material). Therefore, the T6SS of S. marcescens Db10 has antibacterial killing activity. The T6SS-dependent reduction in recovery of viable target cells is due to killing of the target cells, rather than simply their failing to multiply, since the number of viable cells recovered from coculture with wild-type S. marcescens is far below the original inoculum (Fig. 3B) . Partial complementation of the E. coli killing phenotype of T6SS single-gene mutants was observed on expression of the missing gene in trans ( Fig. 3C ; also see Fig. 8E ). The lack of complete complementation was explained by the observation that plasmid-based expression of TssE and ClpV in wild-type S. marcescens Db10 caused a reduction in the extent of killing, perhaps due to a deleterious effect of nonstoichiometric levels of these components ( Fig. 3C ; also see Fig. 8E and Discussion).
The S. marcescens Db10 T6SS is used to compete against different Gram-negative bacteria. We wanted to explore the scope and impact of the antibacterial activity of the S. marcescens Db10 T6SS further. To determine whether the system is active against targets outside the Enterobacteriaceae, Pseudomonas fluorescens was used as a target strain in the antibacterial competition assay. As shown in Fig. 4 , coculture of P. fluorescens with wild-type S. marcescens caused a 10 4 ϫ drop in the number of viable cells recovered. This loss of viability was entirely due to the T6SS of S. marcescens Db10; it is completely eliminated in T6SS mutants, which have no more effect on P. fluorescens than sterile media. As further confirmation of the direct contribution of the T6SS to this killing, the phenotypes of the ⌬clpV and ⌬tssE mutants were successfully complemented by expression of the missing gene in trans (Fig. 4B) .
Next, the role of the S. marcescens Db10 T6SS was tested in competition against another opportunistic human pathogen, Enterobacter cloacae. A reduction of 30ϫ in the recovery of viable Enterobacter cloacae cells was observed on coculture with wild-type S. marcescens Db10. This effect was again entirely dependent on the T6SS (Fig. 4C) . However, the magnitude of the effect was much less than with other target bacterial species, and Enterobacter cloacae was also observed to cause a significant loss of viability in S. marcescens under suitable coculture conditions (not shown). Hence, Enterobacter cloacae appears to be a more "equal" competitor for S. marcescens, perhaps because it also has a family A T6SS (see Discussion). Enterobacter cloacae was therefore selected as a partner to assess the impact of a functional T6SS on the ability of S. marcescens itself to survive during coculture. This time, S. marcescens and Enterobacter cloacae were mixed at an initial ratio of 1:1 and cocultured as before, and then the numbers of surviving Enterobacter cloacae and S. marcescens cells recovered were each enumerated using their different intrinsic antibiotic resistances. The outcome was expressed as the ratio of S. marcescens to Enterobacter cloacae recovered (Fig. 4D) . When wild-type S. marcescens was cocultured with Enterobacter cloacae, S. marcescens comprised 20% of the final population. However, when a T6SS mutant of S. marcescens was cocultured, it comprised only 0.017 to 0.035% of the final population (10 3 ϫ less). Thus, the presence of a functional T6SS enabled S. marcescens Db10 to persist at significant levels in the mixed population.
The S. marcescens Db10 T6SS is highly specific, killing a closely related strain with a very similar T6SS. To investigate the specificity of the antibacterial activity of the S. marcescens Db10 T6SS, another strain of S. marcescens was utilized: S. marcescens ATCC 274. Analysis by PCR using primers complementary to Db10 T6SS genes revealed that a very similar T6SS gene cluster is present in ATCC 274 (Fig. 5A) . Local sequencing confirmed that the Hcp protein encoded by the SMA2263-like gene was 100% identical to SMA2263 (not shown). Therefore, the anti-SMA2263 (Hcp) antibody was utilized to demonstrate that Hcp is secreted to the culture medium by S. marcescens ATCC 274 (Fig. 5B) , confirming that the T6SS of S. marcescens ATCC 274 is active and functional. To determine whether S. marcescens ATCC 274 is susceptible to killing by the S. marcescens Db10 T6SS, a competition assay was performed as described above. This gave the striking result that coculture with wild-type Db10 does indeed cause a 10 4 ϫ decrease in the recovery of viable ATCC 274, an effect entirely dependent on the presence of a functional T6SS in S. marcescens Db10 (Fig. 5C) . Therefore, the S. marcescens Db10 T6SS is able to distinguish and act against a very closely related organism with a very similar T6SS, implying that it is highly strain specific.
The S. marcescens Db10 T6SS is part of a large transcriptional unit. To further understand the role of the T6SS in the biology and competitive fitness of S. marcescens Db10, we considered its transcriptional regulation. Examination of the T6SS genetic locus revealed that the genes encoding the conserved T6SS components are within a series of 39 predicted genes, all on the same strand and potentially cotranscribed (Fig. 6A) . Transcript analysis by RT-PCR was used to investigate whether all of the core T6SS genes were cotranscribed and with which of the uncharacterized flanking genes. RT-PCR amplification was attempted across selected intergenic regions throughout the cluster: all those of Ͼ60 bp and those of particular interest, e.g., between SMA2251 and the first of the main set of conserved T6SS genes, SMA2252 (Lip). No amplification product was obtained corresponding to the region between the predicted transcriptional regulator SMA2243 and SMA2244 (VgrG). However, products were obtained across all the other intergenic regions, strongly indicating the existence of one long transcript, from SMA2244 to SMA2281 (38 genes) (Fig. 6B) , although not ruling out the possibility of secondary internal promoters. This result implicates the uncharacterized genes at either end of the cluster, SMA2245-2251 and SMA2277-2281, as being associated with type VI secretion by S. marcescens Db10.
Expression of the S. marcescens Db10 T6SS genes is constitutive and not dependent on the functionality of the system. Our early results ( Fig. 1 and 2 ) indicated that, unlike many other T6SSs, the S. marcescens Db10 T6SS is expressed and active under normal laboratory conditions. To further investigate the pattern of expression of the T6SS, a strain of S. marcescens Db10 was generated carrying a nondisruptive chromosomal LacZ transcriptional reporter fusion in the T6SS gene cluster [strain SLM8; lacZ between SMA2274 (clpV) and SMA2275]. Strain SLM8 secretes Hcp and kills E. coli similarly to the wild type (see Fig. 8C and D) . Use of this reporter strain to monitor T6SS expression throughout growth showed that the operon was expressed from exponential phase onwards and was expressed at similar levels in rich versus minimal media and at different temperatures ( Fig. 7A and B the cellular fraction and then at 4 h in the supernatant fraction in the wild type, but it remained cellular in the ⌬clpV mutant (Fig. 7D) . Similar patterns of Hcp secretion were observed at 30°C and 37°C ( Fig. 2A and 7D and data not shown). The only notable variation in expression profile was a difference observed in rich media between 37°C, where levels of LacZ fell sharply into stationary phase, and 30°C, where levels remained constant (although they probably eventually decline, as in Fig.   7C , where a similar liquid culture was maintained for much longer). Whether the sharp decline at 37°C represents a specific regulatory "shutoff" remains to be determined. Since the antibacterial activity of the S. marcescens Db10 T6SS is manifest during coculture on solid surfaces and since the gene appears to act through direct cell-cell contact (22, 32) , it was important to determine whether expression of the T6SS genes was upregulated when S. marcescens Db10 was grown as a spot on solid medium, under the same conditions as the competition assay. However, as shown in Fig. 7C , on a per-cell basis, the levels of LacZ observed when SLM8 was grown on solid medium were similar to the levels in liquid culture (note that the "ϩ 4 h" time point corresponds to the point at which the competition assay is measured [solid] and to early stationary phase [liquid] ). Therefore, the T6SS is not induced by solid media or the close physical presence of other cells.
Finally, we wanted to know whether there was any feedback between T6SS function and expression of the T6SS genes. A second reporter strain, SLM9, was constructed in the same way as SLM8, except that lacZ replaced rather than followed clpV, making the strain a T6SS mutant (⌬SMA2274-lacZ). Strain SLM9 behaved as expected for a clpV mutant: Hcp was expressed but not secreted, and killing of E. coli in the antibacterial competition assay was impaired (Fig. 8C and D) . The level of expression of the two T6SS-lacZ reporter fusions was monitored throughout growth under the conditions in Fig. 7 . At 30 and 37°C, in rich and minimal media, the patterns of expression were very similar between SLM8 and SLM9, except that levels of ␤-galactosidase activity were always ϳ1.4 to 1.7ϫ higher for SLM9 (⌬clpV) than SLM8 (T6SS functional). The data are shown for a representative example: 30°C in rich media (Fig. 8A) . To determine whether the higher level of expression in SLM9 was due to the nonfunctionality of the T6SS, the lack of ClpV was complemented by expression of clpV in trans. Providing ClpV in trans was able to complement the Hcp secretion defect and the competition phenotype ( Fig.  8C and E; note that, as above, only partial complementation of the antibacterial phenotype was seen, reflecting a negative impact of overexpressing clpV). However, it had no effect on the level of T6SS-lacZ expression (Fig. 8B) . Therefore, the difference in LacZ levels between SLM8 and SLM9 was independent of T6SS function. It most likely resulted from subtle differences in construction, in particular that lacZ was located after SMA2273 in SLM9 (⌬SMA2274-lacZ) but 2.7 kb further downstream, after SMA2274, in SLM8 (SMA2274-lacZ-2275). Nevertheless, the use of SLM9 clearly demonstrated that expression of the T6SS genes is independent of the integrity and activity of the basic T6SS machinery; there is no feedback regulation.
DISCUSSION
In this study, we have described the first example of a functional T6SS in an opportunistic enteric pathogen, S. marcescens. Examination of the gene cluster encoding the T6SS of S. marcescens Db10 (a member of the order Enterobacteriales) revealed that it is a family A T6SS, more closely related to the HSI-1 T6SS of P. aeruginosa PAO1 (a member of the order Pseudomonadales) than to many T6SSs of other Enterobacteriales. This is perhaps unsurprising given that, in general, T6SS phylogeny does not correlate with bacterial taxonomy and T6SSs appear to be horizontally acquired according to lifestyle and niche (6) . Like S. marcescens, P. aeruginosa is a flexible, opportunistic pathogen and an important cause of antibioticresistant clinical infections (27) . Hence it is likely that both organisms utilize their similar T6SSs to contribute to their success as opportunist pathogens. However, the composition of the S. marcescens T6SS is not entirely the same as that of HSI-1 (Fig. 1A) , implying that there are species-specific adaptations in use and function of the T6SSs between the two organisms. For example, there must be at least two separate transcriptional units in HSI-1, compared with one in the S. marcescens T6SS, there are extra genes present in the middle of the S. marcescens T6SS lacking homologues in HSI-1, and the putative protein kinase in S. marcescens is clearly distinct from PpkA of P. aeruginosa, perhaps consistent with the lack of its activating protein, TagR (23). Use of in-frame deletion mutants in core conserved T6SS components revealed that S. marcescens Db10 secretes an Hcp homologue to the extracellular medium in a T6SS-dependent manner. It is noteworthy that even in the wild-type strain under normal culture conditions, considerable amounts of Hcp are secreted, easily detectable by Coomassie blue-stained SDS-PAGE (Fig. 1B) or immunoblotting of nonconcentrated culture supernatant protein samples (e.g., Fig. 2A) . Indeed, levels of Hcp in the supernatant fraction and the total cellular fraction are very similar ( Fig. 2 and 7D ). This contrasts with the situation in most other bacteria reported to date, where levels of secreted Hcp are very low under normal conditions in the wild-type strain and where even under conditions where type VI secretion is active, supernatant fractions must be concentrated to detect Hcp (e.g., for P. aeruginosa HSI-1, secreted Hcp is undetectable in the wild-type strain but is detected in a ⌬retS mutant, with concentration of the supernatant fraction [23, 35] ). The biological significance of this observation is unclear, although since it is seen in the wild type (and not a regulatory mutant or overexpression system), it may be biologically relevant. While Hcp is generally believed to be present in the medium due to "shearing off" from the surface of the cells, it has also been suggested, although not rigorously tested, that Hcp may in certain situations have effector-like, host-influencing functions (25) . Another possibility we would like to suggest is that Hcp may have some kind of a "carrier" function for true effector proteins, with cargo proteins being shuttled out of the cell in association with secreted Hcp units.
In order to determine whether the T6SS of S. marcescens Db10 is directly required for virulence, three nonmammalian virulence models were utilized. In all three models, the T6SS mutant(s) examined behaved identically to the wild type, precluding an essential role for T6SS in antieukaryotic virulence. Since S. marcescens Db10 was highly virulent toward Galleria and completely resistant to Dictyostelium, it remains possible that a T6SS contribution to virulence does exist but was masked by another potent virulence factor (e.g., secreted cytotoxin). Nevertheless, it seems clear that T6SS is not a primary virulence determinant in S. marcescens Db10. A previous screen for virulence-attenuated mutants of S. marcescens in C. elegans (28) identified a transposon insertion that we have now identified as being in the T6SS gene cluster (mutant 22D9; not shown). However, our analysis using defined T6SS deletion mutants did not reveal any virulence phenotype in C. elegans (Fig. 3A) , suggesting that this transposon insertion may have had a nonspecific or polar effect.
The S. marcescens Db10 T6SS does, however, exhibit dramatic antibacterial activity, causing a four-log drop in the recovery of viable target cells (Fig. 3 and 4) , similar to the killing effect reported for the T6SS of V. cholerae (32) . Antibacterial activity has also been reported for T6SS-5 of B. thailandensis and was first described for the HSI-1 of P. aeruginosa (22, 39) , further supporting the idea that the P. aeruginosa HSI-1 and S. marcescens T6SSs may be functionally related. We observed T6SS-dependent killing of the enteric bacteria E. coli, Enterobacter cloacae, and S. marcescens ATCC 274 and also efficient killing of the nonenteric P. fluorescens. Susceptibility was not dependent on the presence or absence of a T6SS in the target strain, since E. coli K-12 does not have T6SS genes whereas the other three organisms do (data not shown). S. marcescens Db10 appears to elaborate an unidentified T6SS-independent factor which inhibits E. coli MC4100, since coculture with S. marcescens T6SS mutants resulted in a lower recovery of E. coli than with medium alone (although it was reduced by only a small amount compared with the original inoculum). This contrasts with the other target strains, where T6SS mutants of S. marcescens were entirely deficient in antibacterial activity. Additionally, it was only in competition with E. coli that the clpV mutant was slightly less impaired in killing than other T6SS mutants and that nonstoichiometric expression of T6SS components impaired the killing activity of even the wild-type strain. The reason for the differences in outcome with E. coli compared with other target strains is unclear. It may be related to the second S. marcescens-produced inhibitory factor, reflecting a complex interaction between the two organisms. Alternatively, since the E. coli competitions were performed at 37°C, rather than 30°C as for the other target strains, it may indicate differences in the stability or function of the T6SS (or other cell envelope structures) in S. marcescens at the higher temperature. Unfortunately, S. marcescens Db10 kills E. coli so efficiently at 30°C that the contribution of T6SS at this temperature could not be reliably quantified (data not shown).
Of particular note is the observation that the S. marcescens Db10 T6SS is highly active against a closely related strain, S. marcescens ATCC 274, which itself possesses a very similar and active T6SS (Fig. 5 ). This implies exquisite specificity for the system. While the basic machinery is highly conserved between Db10 and ATCC 274, Db10 must possess distinct secreted effector proteins to which ATCC 274 is not resistant. By implication, Db10 must itself possess a cognate immunity function, perhaps analogous to the Tsi2 immunity protein which protects P. aeruginosa from the antibacterial HSI-1 T6SS-secreted toxin Tse2 (22) . There are no obvious homologues of Tse1, -2, and -3 or Tsi2 in the genome of S. marcescens Db10, further supporting the idea that there is an organism-specific effector immunity pair(s). The effector proteins that are secreted by the S. marcescens T6SS remain to be identified.
Our data provide strong evidence that the S. marcescens Db10 T6SS plays an important role in the ability of this opportunist pathogen to compete against a variety of other bacteria, both closely and more distantly related. This competitive ability would be vital in a "real-life" scenario, both to thrive in an environmental reservoir and to survive and prosper in a polymicrobial infection site (against normal flora and other potential pathogens). Hence, it could be considered an indirect virulence factor-required for successful infection, even if not directly contacting eukaryotic cells. Our data illustrate several scenarios. On one hand, the T6SS of S. marcescens Db10 is able to essentially eliminate a population of E. coli or P. fluorescens from a mixed inoculum (only 40 or 400 cells remain from a starting inoculum of ϳ3 ϫ 10 6 after 4 h; Fig. 3 and 4) . On the other hand, a functional T6SS is also required for S. marcescens Db10 itself to survive at significant levels in a mixed population with a competitor, such as Enterobacter cloacae, which can itself kill other bacteria (Fig. 4D) . Enterobacter cloacae ATCC 13047 has a very similar family A T6SS to that of S. marcescens (not shown), suggesting a two-way "battle" between the two strains, in which each must have a functional T6SS to effectively compete and survive in the mixed population. Enterobacter cloacae, like S. marcescens and Pseudomo- nas, is an opportunistic pathogen which can cause hospitalacquired infections (10) . It is tempting to speculate that antibacterial T6SSs are of particular and critical importance to opportunistic pathogens like S. marcescens, facilitating their ability to efficiently occupy varied environmental niches and proliferate in diverse infection sites (19) . Another indication that the T6SS is very important to the real-life fitness of S. marcescens is our observation that the system is expressed and Hcp is secreted constitutively. This is not typical and strongly suggests that the advantage of having the system assembled and primed at all times outweighs the energetic cost of synthesizing and assembling the machinery. We speculate that the basic machinery, including extracellular
Hcp, is present all of the time, ready to contact any nonself bacteria encountered, but that, similar to the case with type III secretion systems, final secretion of effectors occurs only once cell-cell contact with the target is established. Our analysis indicated that multiple genes of unknown function and limited or no conservation with other T6SSs are cotranscribed with the core T6SS genes ( Fig. 1 and 6 ). This implicates these genes as being associated with type VI secretion. For example, SMA2278 encodes an Rhs family protein, whose genes are often located adjacent to T6SS gene clusters (15) ; our data suggest that such proteins can have a regulatory and most likely functional connection with type VI secretion. The SMA2260-2262 and SMA2264-2266 genes encode small pro- FIG. 8 . Expression of the S. marcescens Db10 type VI secretion system is not dependent on the system being functional. (A and B) ␤-Galactosidase activity of chromosomal T6SS-lacZ reporter fusions in strains of S. marcescens Db10 grown in LB medium at 30°C. Strain SLM8 has a nondisruptive insertion of lacZ between SMA2274 and SMA2275. Strain SLM9 is a T6SS mutant, with lacZ replacing SMA2274 (⌬clpV::lacZ). In panel A, the ␤-galactosidase activity of SLM8 and SLM9 was measured throughout growth. In panel B, the ␤-galactosidase activity of SLM8 and SLM9 carrying either the control plasmid (pSUPROM, Vector) or a plasmid supplying ClpV in trans (pSC039) was measured at the 7-h and 9-h time points. ␤-Galactosidase activity is expressed per cell (see Materials and Methods), and bars show means Ϯ SEM (n ϭ 3). (C) Anti-Hcp immunoblots of cellular and secreted proteins from the parental strain SLM1 (WT, Lac Ϫ ), SLM8, and SLM9 (top) and from SLM8 and SLM9 carrying the control plasmid (pSUPROM, Vector) or a plasmid supplying ClpV in trans (pSC039) (bottom). Hcp is indicated by a black arrow. (D and E) Recovery of viable E. coli MC4100 cells after coculture with wild-type S. marcescens Db10 (WT) or strains SJC3 (⌬clpV), SLM8, and SLM9 (D) or after coculture with the wild type or SLM9 carrying pSUPROM or pSC039 (E). Points show means Ϯ SEM (n Ն 3).
teins with homologues in a small number of T6SSs, including T6SSs of Cronobacter sakazakii and Enterobacter cloacae, and perhaps represent novel accessory components. At either end of the operon are genes with few or no homologues in the databases; these represent candidates for system-specific effectors, resistance functions, or regulatory components and will be studied in the future. The gene immediately upstream of the operon, SMA2243, encodes a predicted LysR family transcriptional regulator. While we have demonstrated it is not cotranscribed with the T6SS genes, it may well modulate expression of the genes in response to an as-yet-unknown signal.
In conclusion, we have demonstrated that the T6SS of the opportunistic enteric pathogen S. marcescens Db10 is functional, is constitutively expressed, and has antibacterial killing activity. Our data support the idea that type VI secretion plays a crucial role in the competitiveness, and thus indirectly the virulence, of such pathogens.
